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Chitosan/carboxymethyl chitosan nanogels (CS/CMCS-NGs) could enhance the oral bioavailability of
doxorubicin hydrochloride (DOX). To identify the mechanisms that support this recent observation, dif-
ferent transport pathways of CS/CMCS-NGs through the small intestine were studied in this work. Trans-
cellular mechanisms were investigated in the presence of different inhibitors of protein-mediated
endocytosis. A reduction of 52.32 ± 18% of drug transport was found when clathrin-mediated endocytosis
was inhibited, which demonstrated that clathrin-mediated endocytosis played an important role in the
transcellular transport of DOX:CS/CMCS-NGs. The paracellular transport results showed that CMCS in
NGs could produce a transient and reversible enhancement of paracellular permeability by depriving
Ca2+ from adherens junctions, whose efficacy as an absorption enhancer was about 1.7–3.3 folds higher
than CS in NGs in GI tract. Finally, in vivo experiment showed that the transport capacity of DOX:CS/
CMCS-NGs was significantly inhibited by extra added Ca2+, which confirmed that the higher capacity
to binding Ca2+ of CS/CMCS-NGs was beneficial for transport of DOX.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

In the current regimen of chemotherapy, the anticancer drugs
are administered through i.v. injection or infusion. Although it is
effective for cancer therapy, the side effect due to the direct deliv-
ery of high concentration anticancer-drug to bloodstream and the
inconveniences during chemotherapy compromise its clinical
treatment efficacy [1,2]. Oral administration of anticancer drugs
is a viable alternative to intravenous administration, since it can
maintain an optimum blood drug concentration and improves con-
venience and compliance of patients [3,4]. Nevertheless, most anti-
cancer drugs especially those with excellent anticancer effects
such as doxorubicin hydrochloride (DOX) and Taxanes (paclitaxel
and docetaxel) are not orally bioavailable owing to inadequate
transport throughout the intestinal epithelium [5].

To improve oral bioavailability of anticancer drugs, Chitosan
based nanogels (CS/CMCS-NGs) consisting chitosan (CS) and car-
boxymethyl chitosan (CMCS) were successfully developed in our
recent study [6]. The rational design of these nanocarriers was to
retain the promising behavior of CS as an absorption enhancer
[7,8], yet expand the range of absorption enhancement from lim-
ited duodenal segment to the entire small intestine. However,
the behavior of CS/CMCS-NGs toward the intestinal barrier and
different cellular and molecular interactions with intestine epithe-
lium remain to be clarified.

Caco-2 cell model has been widely used to study the intestinal
permeability of drugs. After differentiation, Caco-2 cells can form
a monolayer of polarized cells which present tight junctions and ac-
tive transporters (P-glycoprotein) [5]. Several studies using Caco-2
cells model or animal models have shown the uptake of CS-based
NGs by Payer’s patches [9] and the epithelium [10] as well. The
endocytosis of CS-based NGs by Caco-2 cells was saturable, energy-
and temperature-dependent, which indicated that this process
might be an active transport [10]. However, the endocytosis ap-
proach of CS-based NGs especially for CS/CMCS-NGs is poorly char-
acterized [22]. On the other hand, CS-based NGs have ability to open
tight junctions (TJs) between intestinal epithelium and facilitate
paracellular transport of drugs [11–14]. This capacity depends on
the positive charge of CS under weak acidic condition, which is
infeasible in intestinal segments other than duodenum [15,16].
But for CS/CMCS-NGs, the introduction of CMCS could maintain con-
tinues and efficient absorption enhancement of DOX throughout the
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entire small intestine [6]. The mechanism of this phenomenon is
still not clear yet.

This study was to investigate the mechanism regarding the
transport of CS/CMCS-NGs throughout the intestinal barrier, par-
ticularly focused on the cellular and molecular mechanisms. Two
possible routes have been studied by using well defined Caco-2 cell
model. As for the transcellular pathway, different endocytosis
mechanisms, including macropinocytosis, clathrin-, caveolae- and
clathrin-independent mediated endocytosis have been studied in
the presence of different inhibitors of protein-mediated endocyto-
sis [17]. On the other hand, the transport of nanogels by paracellu-
lar pathways focused on the mechanism that CS/CMCS-NGs
enhance intestinal absorption of anticancer drugs throughout the
entire small intestine. Finally, the transport mechanism of this
nanocarrier was evaluated ex vivo and in vivo using animal models
and confirmed the findings of in vitro studies.
2. Materials and methods

2.1. Materials

CS (molecular weight, MW: 10 kDa, degree of deacetylation,
DD: 89%) was obtained from Biotech Co. (Mokpo, Korea). CMCS
(MW: 12 kDa, DD: 81%, Degree of substitution, DS: 92%) was syn-
thesized and characterized by the method described by Chen
[18]. Cy3-SE (Cy3-N-hydroxy-succinimide ester), fluorescein iso-
thiocyanate (FITC), acetic acid and sodium triphosphate (TPP) were
purchased from Sigma (St. Louis, USA). DOX was supplied by Zhe-
jiang Hai zheng Co. Ltd. (China). All other reagents and solvents
were of analytical grade.
2.2. Preparation of Cy3-CS and FITC-CMCS

Cy3-labeled chitosan (Cy3-CS) and FITC-labeled carboxymethyl
chitosan (FITC-CMCS) were synthesized according to the methods
described in the literature [19,20].

The synthesis of Cy3-CS was based on the reaction between the
free amines on the chitosan and N-hydroxy-succinimide on Cy3–
SE. A solution of Cy3–SE in DMSO (1 mg/mL) was prepared and
added gradually to soluble chitosan (1 mg/mL, pH 6.6) with contin-
uous stirring for 12 h in the dark.

The synthesis of FITC-CMCS was based on the reaction between
the amine groups of O-CMCS and the isothiocyanate group of FITC.
Briefly, CMCS (30 mg) was dissolved in water (15 mL) in a weakly
acidic condition with 1 M HCl, and the pH was adjusted to 6.9 with
1 M NaOH. FITC (2.1 mg) was added, and the mixture was stirred at
room temperature for 24 h.

After reaction, Cy3-CS and FITC-CMCS were dialyzed in tri-dis-
tilled water for 3 days to remove unreacted Cy3 or FITC. The prod-
ucts were precipitated with ethanol and then freeze-dried.
2.3. Preparation and characterization of DOX:CS/CMCS-NGs

DOX-loaded CS/CMCS-NGs (DOX:CS/CMCS-NGs) were prepared
according to a modified process originally based on our previous
work [6]. Briefly, DOX aqueous solution (1 mg/mL, 1 mL) was pre-
mixed with CMCS (1 mg/mL, 4 mL) under magnetic stirring for
30 min. Subsequently, CS solution (1 mg/mL, 3 mL, pH 6.6) and
TPP (0.25 mg/mL, 2 mL) were blended with the mixture under con-
stant stirring for 1 h, and nanogels formed.

The size distribution and zeta potential of the prepared DOX:CS/
CMCS-NGs at pH 1.2, 2.5 (HCl), pH 6.6, 7.0, 7.4 (phosphate-buffered
saline, PBS) were measured with a Zetasizer ZEN 3600 Nano Series
apparatus (ZEN, UK).
Please cite this article in press as: C. Feng et al., Transport mechanism of doxor
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The morphology of the prepared NGs was examined by scan-
ning electron microscopy (SEM, JSM-6010LA, JEOL Ltd., Japan)
and transmission electron microscope (TEM, JEM-1200EX, JEOL
Ltd., Japan) at pH values 1.2, 6.6, 7.0 and 7.4, simulating environ-
ments of the gastric acid, duodenum, ileum or intercellular spaces
of enterocytes, respectively.

The obtained DOX:CS/CMCS-NGs were washed with deionized
water 3 times to remove the DOX onto the surface of the particles,
collected via ultracentrifugation at 12,000 rpm for 30 min, and
then freeze-dried for 48 h. To determine the loading efficiency
(LE) and loading content (LC) of DOX in nanogels, the free DOX in
supernatants was filtered through a membrane filter (0.45 lm),
whose concentration was examined spectrophotometrically at
481 nm (UV-1100, Shimadzu Ltd., Japan). The LE and LC were cal-
culated using Eqs. (1) and (2), respectively:

LE ð%Þ ¼ Doesadded � Doesfree

� �
=Doesadded � 100 % ð1Þ

LC ð%Þ ¼ Doesadded � Doesfree
� �

=Wnanogels � 100 % ð2Þ

where Doesadded is total amount of DOX added, Doesfree is free DOX
in solution, and Wnanogels is weight of nanogels

2.4. Cytotoxicity studies

The human colon adenocarcinoma (Caco-2) cell line obtained by
the American Type Culture Collection (Manassas, USA, between 25
and 35 passages) was utilized to evaluate the cytotoxicity of blank-
NGs (CS/CMCS-NGs). The cells were cultured in DMEM (high glu-
cose) and supplemented with 10% (v/v) fetal bovine serum and pen-
icillin/streptomycin at 37 �C and maintained in a saturated humidity
containing 5% CO2. Briefly, cells (3 � 104 cells/mL) were seeded in
96-well culture plates. Various concentrations (0–1000 lg/mL) of
CS/CMCS-NGs in cell culture medium were incubated for 24, 48, or
72 h followed by MTT assay. Meanwhile, the cytotoxicity of CS/
CMCS-NGs (200 lg/mL) at different pH values (6.6, 7.0 and 7.4)
was also tested after 24 h of incubation time with Caco-2 cells.

2.5. Transcellular transport

2.5.1. Passive or active transport
Biofluorescence NGs (Cy3-CS/FITC-CMCS-NGs) were prepared

using Cy3-CS and FITC-CMCS as per the procedure described in
Section 2.3 and used for fluorescence microscope or CLSM study.
After 21 days of differentiation, the Caco-2 cells were incubated
with Cy3-CS/FITC-CMCS-NGs (200 lg/mL, dissolved in Hank’s Bal-
anced Salt Solution, HBSS, pH 7.0) for 4 h in the dark at 4 �C or
37 �C. And then, the slides were washed in HBSS and nuclei were
stained with 40,60-diamidino-2-phenylindolyl hydrochloride (DAPI,
Sigma, 1 lg/mL) in HBSS [21]. Slides were then washed three times
in HBSS and observed by fluorescence microscopy (Nikon Eclipse
Ti-S, Nikon Ltd., Japan) and confocal laser scanning microscopy
(CLSM, LSM510, Zeiss Ltd., Germany), respectively.

2.5.2. Characterization of DOX:CS/CMCS-NGs endocytosis
In order to identify the approach of transcellular transport used

by DOX:CS/CMCS-NGs, transport experiments were performed in
the presence of specific inhibitor for different types of endocytosis.
Caco-2 cell were cultured on the tissue-culture-treated polycar-
bonate filters (diameter 24.5 mm, growth area 4.7 cm2) in Costar
Transwell 6 wells/plates (Corning Costar Corp., Corning, NY) 24–
30 days after seeding (Transepithelial electrical resistance [TEER]
values in the range of 600–800 X cm2) to form Caco-2 cell
monolayer. Firstly, the cell monolayer was incubated with the
medium containing the specific inhibitor for 1 h at 37 �C. Then,
the transport experiment was performed in the presence of
ubicin loaded chitosan based nanogels across intestinal epithelium, Eur. J.
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Fig. 1. (A) Structure of biofluorescence nanogels (DOX:Cy3-CS/FITC-CMCS-NGs). (B) SEM image of the nano-suspensions at pH 6.6 (the condition that test nanogels were
prepared). (C) Hydrodynamic diameters and distributions of DOX:CS/CMCS-NGs (1 mg/mL) measured by dynamic light scattering in PBS buffer (pH 6.6) . (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Mean particle sizes and zeta potential values of DOX:CS/CMCS-NGs at distinct pH
environments (n = 5).

pH value Mean particle size (nm) Zeta potential (mV) PDI

1.2 197.2 ± 11.2 37.6 ± 0.8 0.235
2.5 258.7 ± 9.3 21.2 ± 1.7 0.132
6.6 279.3 ± 8.3 32.6 ± 1.1 0.155
7.0 442.2 ± 6.7 12.2 ± 0.6 0.635
7.4 N N N

N: Precipitation of aggregates was observed.

Fig. 2. TEM images of DOX:CS/CMCS-NGs at distinct pH values simulating GI tract
(A: pH 1.2 simulating the stomach environment; B: pH 6.6 simulating the
duodenum environment; C: pH 7.0 simulating the proximal ileum; D: pH 7.4
simulating the intercellular matrix of enterocytes).
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different inhibitors and 200 lg/mL DOX:CS/CMCS-NGs in the dark
for 2 h at 37 �C. Control experiment was performed with HBSS for
first incubation of cells. The inhibitors were as follows:

The inhibitor of macropinocytosis [17]: 30 lM m of Amiloride.
The inhibitor of caveola-mediated endocytosis [22,23]: 1 lg/mL
of filipin.
The inhibitor of clathrin-mediated endocytosis [22,24]: 10 lg/
mL of chlorpromazine.

The quantitative study was investigated according to previous
report [3,25]. Briefly, after 2 h of incubation, samples were taken
from apical and basolateral sides and DOX content was determined
by HPLC. The detector was operated at a wavelength of 254 nm.
Agilent Zorbax SB-C18 column (5 lm, 4.6 mm 250 mm) was used.
Mobile phase consists of 50% acetate buffer (pH 5), 30% methanol
and 20% acetonitrile. The flow rate was maintained at 1 mL/min.
Please cite this article in press as: C. Feng et al., Transport mechanism of doxorubicin loaded chitosan based nanogels across intestinal epithelium, Eur. J.
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Fig. 3. In vitro cytotoxicity of CS/CMCS-NGs on Caco-2 cells: (A) Different
incubation time of the cells with NGs at different concentrations. (B) Different pH
environments. Data represent the mean ± SD (n = 6). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Apparent permeability coefficient (Papp) was calculated using Eq.
(3):

Papp ¼ Q=Act ð3Þ

where Q is the total amount of DOX permeated (ng), A is the surface
area of monolayer (cm2), c is the initial concentration of DOX over
the apical side (lg/mL) and t is the time of the experiment (s).

Moreover, after collection of media, the bottom of the filter was
absorbed onto paper in order to eliminate any basolateral medium,
and cell monolayers were washed twice with ice-cold PBS (pH 7.4).
Then, 0.5% Triton X-100 in 0.2 M NaOH solution was added to lyse
the cells, and immediately frozen at�20 �C until analyzed by HPLC.
2.6. Paracellular transport

2.6.1. Capacity to bind Ca2+ of CS/CMCS-NGs
The capability of CS, CMCS and CS/CMCS-NGs for Ca2+ binding

was respectively investigated according to the reported method
[27] with some modifications. Briefly, 2 mg of the sample was
placed in 4 mL of 0.0025 mmol/L CaCl2 solution at different pH
environments (pH 1.2 [0.1 N HCl], pH 6.6, 7.0, 7.4 [10 mM PBS])
for 24 h and then, ultracentrifuged 12,000 rpm. The supernatant
was measured for free calcium by complexometric titration with
Titriplex� III, using calcein as an indicator. The sample was then
washed three times with corresponding buffer to take out the pre-
viously entrapped calcium (unbound Ca2+), which was also mea-
sured by complexometric titration. The calcium binding capacity
(BC) was thereby calculated using Eq. (4):

BC ¼ Ca2þ
added � Ca2þ

free

� �
=Wsample ð4Þ

where Ca2þ
added is total amount of Ca2+ added (mmol), Ca2þ

free is
unbound Ca2+ (mmol), and Wsample (g) is weight of sample.
Please cite this article in press as: C. Feng et al., Transport mechanism of doxor
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2.6.2. TEER measurement
The grown cell monolayers (TEER values in the range of 600–

800 X cm2) were incubated with DOX (0.3% w/v, 0.5 mL, HBSS,
pH 7.0); CS (0.3% w/v, 0.5 mL, HBSS, pH was adjusted by HCl to
6.6, 7.0 or 7.4); CMCS (0.3% w/v, 0.5 mL, HBSS, pH was adjusted
by HCl to 6.6, 7.0 or 7.4); DOX:CS/CMCS-NGs (0.5 mg/mL, HBSS,
pH was adjusted by HCl to 6.6, 7.0 or 7.4); DOX:CS/CMCS-NGs
(0.5 mg/mL) + CaCl2 (0.1 mg/mL) (HBSS, pH was adjusted by HCl
to 6.6, 7.0 or 7.4). The TEER for the tightness of cell monolayers
(or their paracellular permeability) was evaluated with a Milli-
cell-Electrical Resistance System (Millipore Corp., Bedford, MA).

2.6.3. Transport of DOX across Caco-2 cells monolayers
One milliliter of transport medium (pH 7.0) containing DOX

(0.5 mg/mL), DOX:CS/CMCS-NGs (equivalent to 0.5 mg/mL of
DOX) or DOX:CS/CMCS-NGs (equivalent to 0.5 mg/mL of
DOX) + CaCl2 (0.1 mg/mL) was introduced into the donor compart-
ment of the Caco-2 cell monolayers, while the medium in the recei-
ver compartment was maintained at pH 7.4. Following incubation
for 1 h at 37 �C, test samples were aspirated. Cells were then
washed twice with pre-warmed PBS before they were fixed in
3.7% paraformaldehyde. Then, the fixed cells were observed by
CLSM.

2.7. Animal study

2.7.1. Animals
Adult male Sprague–Dawley (SD) rats (220–250 g) were housed

and cared in air-conditioned quarters under a photoperiod sche-
dule of 12 h light/12 h dark cycles. The rats received standard lab-
oratory chow and tap water available ad libitum 3 weeks prior to
the experiments. All experiments on animals were carried out in
accordance with the European Community Council Directive of
November 24, 1986 (86/609/EEC).

2.7.2. Mucoadhesion and permeation enhancement
The mucoadhesion and absorption enhancement of Cy3-CS/

FITC-CMCS-NGs in different segments of the small intestine (duo-
denum, jejunum and ileum) were studied via CLSM. The study
was performed in a rat model (n = 3) using an in situ closed-loop
technique. Overnight-fasted rats were anaesthetized via the intra-
muscular injection of chloralic hydras (10%, 0.004 mL/g, Sigma, St.
Louis, USA). The abdominal cavity of animal was opened by a mid-
line incision, and the small intestine was exposed. Different seg-
ments of the small intestine were identified based on their
anatomical positions with respect to the stomach and the colon.
A 5 cm section of each segment of the small intestine was selected
for producing the closed-loop; the proximal end of each intestinal
section was tied up before introducing Cy3-CS/FITC-CMCS-NGs
(1 mg/mL, 0.5 mL) via a syringe. The distal end was then ligated
to form a closed-loop. Rats were sacrificed 2 h later, and the
closed-loop segments were dissected. Next, the dissected intestinal
segments were washed with phosphate-buffered saline, fixed in 4%
paraformaldehyde, processed for freezing microtomy and observed
by CLSM.

2.7.3. In vivo and ex vivo biodistribution
Overnight-Fasted SD rats (hair removal by depilatory) were

used in the biodistribution study refer to [28]. DOX:CS/CMCS-
NGs or DOX:CS/CMCS-NGs with 20 mg/kg of CaCl2 dissolved in
saline were orally administrated at a dose of 5 mg DOX-equiv./kg
body weight to investigate the effect of Ca2+ on NGs-induced
absorption enhancement. The rats were anesthetized with inject-
ing 10% chloral hydrate (0.004 mL/g); then, fluorescence images
were obtained by small animal in vivo imaging instrument (Fusion
FX7, Vilber Lourmat, France) at specific time intervals (0 h
ubicin loaded chitosan based nanogels across intestinal epithelium, Eur. J.
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Fig. 4. Transcellular transport of DOX by CS/CMCS-NGs: fluorescence microscope and orthogonal views of CLSM images showing the uptake of Cy3-CS/FITC-CMCS-NGs in
Caco-2 cells after 4 h incubition time at (A) 4 �C and (B) 37 �C. Variation of intracellular uptake and apparent permeability coefficients of DOX at 37 �C after 1 h of incubation
with DOX:CS/CMCS-NGs and different endocytosis inhibitors: (C) Intracellular quantities of DOX (%), DOX:CS/CMCS-NGs without inhibitor were considered as 100 % of DOX
intracellular. (D) Papp of (%) DOX, Papp of DOX:CS/CMCS-NGs without inhibitor was considered as 100 % of Papp; Data represent the mean ± SD, ‘‘*’’: vs. control; p < 0.05 (n = 6).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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[untreated], 2 h, 4 h and 8 h). Filter sets (blue: excitation, 500–
720 nm; exposure time, 300 ms and red: excitation, 670–900 nm;
exposure time, 150 ms) were used to detect DOX-related fluores-
cence. At 10 h after administration orally, major organs (intestine,
stomach, heart, liver, spleen, lung, and kidneys) were dissected
from SD rats’ bodies, then, observed by small animal in vivo imag-
ing instrument. To determine DOX level in organs, tissues (0.5 g)
were homogenized in 3 mL PBS (pH 7.4) using tissue homogenizer
at 20,000 rpm for 5 min, then quantified with spectrofluorimetry at
Ex/Em 537/584 nm.

2.7.4. Oral bioavailability
SD rats were used and randomly divided into two groups (n = 5

for each studied group). After fasting overnight, different formula-
tions (DOX:CS/CMCS-NGs solution [10 mg DOX-equiv./kg body
Please cite this article in press as: C. Feng et al., Transport mechanism of doxor
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weight, 1 mL] or DOX:CS/CMCS-NGs [10 mg DOX-equiv./kg body
weight, 1 mL] with 20 mg/kg of CaCl2) were administered orally
to the rats. Blood samples were collected from the tails of rats at
particular time intervals after administration of each formulation
in micro-centrifuge tubes containing 20 lL of EDTA solution. Plas-
ma was collected by centrifuging the blood samples at 5000 rpm
for 10 min at 25 �C. Acetonitrile (0.2 mL) was added in plasma
(0.2 mL) vortexed vigorously for 2 min and then centrifuged at
15,000 rpm for 15 min at 25 �C. Then, the supernatant was ana-
lyzed by HPLC. The relative bioavailability was calculated as Eq.
(5):

Relative bioavailability ð%Þ ¼ AUCNGs=AUCNGs=Ca
� �

� DoesNGs=Ca=DoesNGs
� �

� 100 % ð5Þ
ubicin loaded chitosan based nanogels across intestinal epithelium, Eur. J.
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Fig. 5. Ca2+ binding capability of CS, CMCS and CS/CMCS-NGs at distinct pH
environments, ‘‘*’’: p < 0.05 (n = 4). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Paracellular transport of DOX by CS/CMCS-NGs: (A) Effects of DOX, CMCS and CS on the transepithelial electrical resistance (TEER) of Caco-2 cell monolayers at
different pH environments. (B) Effects of DOX:CS/CMCS-NGs and DOX:CS/CMCS-NGs + CaCl2 on the TEER of Caco-2 cell monolayers at different pH environments. (C) CLSM
images of 4 optical sections of the transport of DOX across Caco-2 cell monolayers. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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where AUC is the area above the baseline curve calculated from zero
time to 24 h. The subscript NGs and NGs/Ca refer to group of rats
orally given DOX:CS/CMCS-NGs and DOX:CS/CMCS-NGs + CaCl2

solution, respectively.
2.8. Statistical analysis

The assays were performed at least in triplicate on separate
occasions. Statistical analysis of the differences in the measured
properties of the groups was performed with one way analysis of
variance and the determination of confidence intervals with the
statistical package Sigma Plot, version 11.0 (Systat Software Inc.,
US). The data collected in this study were expressed as means
and standard deviations, indicated as ‘‘mean ± SD.’’ Differences
were considered to be statistically significant when the p values
were less than 0.05.
ubicin loaded chitosan based nanogels across intestinal epithelium, Eur. J.
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Fig. 7. CLSM images showing the mucoadhesion and the absorption of Cy3-CS/FITC-CMCS-NGs (FITC-CMCS, green; Cy3-CS, red) in different segments of the small intestine.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results and discussion

3.1. Development and characterization of DOX:CS/CMCS-NGs

DOX:CS/CMCS-NGs were prepared by ionic gelation in the pres-
ence of TPP. The obtained nanogels were typically spherical and
capsular (Fig. 1B). The diameter of DOX:CS/CMCS-NGs was
279.3 ± 8.3 nm with narrow size distribution (Fig. 1C, Table 1, pH
6.6: prepared pH condition, polydispersity index: PDI 6 0.2) and
zeta potential was about 30 mV (Table 1, pH 6.6). In an aqueous
environment (pH 6.6), electrostatic interaction occurred between
the anionic CMCS (–COO�) and the cationic CS (–NH3+), facilitating
the encapsulation of DOX in NGs. (Fig. 1A). The LE and LC of DOX
were 71.85 ± 3.1 and 20.3 ± 0.5.

The stability of DOX:CS/CMCS-NGs was investigated in different
pH environments simulating GI tract (pH 1.2: stomach, pH 6.6:
duodenum, pH 7.0: proximal ileum, pH 7.4: intercellular matrix
of enterocytes environment). The pKa values of CS and TPP are
6.5 and 1.0–2.1, respectively. O-carboxymethyl chitosan (CMCS)
was an amphoteric polyelectrolyte whose isoelectric point was
about 4. At pH 1.2, the amino groups on CS and CMCS were proton-
ized; the phosphate groups on TPP were ionized. Therefore, posi-
tively charged CMCS, CS and negatively charged TPP were able to
form polyelectrolyte complexes via electrostatic interaction, giving
rise to spherical shape (Fig. 2A) and narrow size distribution (PDI:
0.235 [pH 1.2], Table 1). At pH 6.6, the most amino groups on CS
and CMCS were still protonized and the carboxyl groups on CMCS
were ionized, thus the polyelectrolyte complexes were stable due
to the strong electrostatic interaction among positively charged
CS and negatively charged CMCS, TPP (Fig. 2B). At pH 7.0, some
of the —NHþ3 on CS had partially became deprotonized, conse-
quently weakening the electrostatic interaction between CS, CMCS
and TPP, but the negative charged CMCS was still able to maintain
Please cite this article in press as: C. Feng et al., Transport mechanism of doxor
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the stability of polyelectrolyte complexes (Fig. 2C). The NGs were
swollen and its particle size was 442.2 ± 6.7 nm (Table 1), which
was significantly larger than that in acid condition. Similarly, at
pH 7.4, CS were further deprotonized, resulting in the mass struc-
ture loose completely and the NGs became disintegrated and pre-
cipitated (Fig. 2D). These results indicated the DOX:CS/CMCS-NGs
were tolerant to low pH condition and stable in GI tract.

3.2. Cytotoxicity studies

The cytotoxicity of blank-NGs (CS/CMCS-NGs) was tested with
Caco-2 cells at different concentrations of CS/CMCS-NGs and cul-
ture time. The viabilities of Caco-2 cells were above 105% at all
concentrations during 72 h tested (Fig. 3A). Meanwhile, blank-
NGs (200 lg/mL) exhibited no cytotoxicity for Caco-2 cells at dif-
ferent pH values (pH 6.6, 7.0 and 7.4, Fig. 3B, p > 0.05 vs. control).

3.3. Transcellular transport

3.3.1. Passive or active transport
The uptake of Cy3-CS/FITC-CMCS-NPs by Caco-2 cells with incu-

bation time of 4 h was visualized using fluorescence microscope and
CLSM. The overlap of red (Cy3-CS) and green (FITC-CMCS) fluores-
cence appeared yellow signal that indicated integrity of the NGs.
No apparent fluorescence was detected in Caco-2 cells incubated
with Cy3-CS/FITC-CMCS-NGs at 4 �C (Fig. 4A). Orthogonal views of
CLSM images showed that the NGs located just on the cell mem-
brane but failed to enter into cells. This phenomenon manifested
that the uptake of Cy3-CS/FITC-CMCS-NGs by Caco-2 cell was not
a passive process because the cell membrane penetration at 4 �C
was more related to passive processes, such as modification of mem-
brane fluidity, instead of active processes [26,28,29]. At 37 �C,
Cy3-CS/FITC-CMCS-NGs were found to be distributed inside of the
ubicin loaded chitosan based nanogels across intestinal epithelium, Eur. J.
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Caco-2 cells as yellow fluorescent spot (Fig. 4B). Orthogonal views of
CLSM images clearly exhibited the localization of NGs in cells. These
results demonstrated that the CS/CMCS-NGs could be likely inter-
nalized by an active uptake or transported across Caco-2 cells, which
was similar to chitosan-coated lipid nanoparticles [29] and chito-
san-PLGA nanoparticles [30,31].

3.3.2. Characterization of NGs endocytosis
To figure out what endocytosis mechanism that CS/CMCS-NGs

were uptaken by Caco-2 cells, the transport experiments were per-
formed in the presence of amiloride (inhibitor of macropinocyto-
sis), chlorpromazine (inhibitor of clathrin-mediated endocytosis)
and filipin (inhibitor of caveola-mediated endocytosis), respec-
tively. Intracellular DOX concentration was determined by HPLC
after cell lysis and DOX concentration on the apical and basolateral
Please cite this article in press as: C. Feng et al., Transport mechanism of doxor
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sides was also determined to calculate the apparent permeability
coefficient. The cellular uptake of DOX was not affected by the pres-
ence of filipin and amiloride (p > 0.05 vs. control), but it was signif-
icantly inhibited by co-administered chlorpromazine (Fig. 4C). The
intracellular concentration of DOX was found to decrease by
52.32%, suggesting that clathrin-mediated endocytosis played
important role in the internalization of the DOX:CS/CMCS-NGs.
The incomplete inhibition of intracellular DOX content by 10 lg/
mL of chlorpromazine demonstrated clathrin-independent
pathways might also be involved. But caveolae-mediated pathway
played marginal part because the DOX:CS/CMCS-NGs uptake was
unaffected by co-administered 1 lg/mL of filipin. On the other
hand, the transport results of DOX:CS/CMCS-NGs in the presence
of different inhibitors have showed that a decrease in transport of
DOX in the presence of chlorpromazine was observed again, but it
ubicin loaded chitosan based nanogels across intestinal epithelium, Eur. J.
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was less important than filipin (Fig. 4D). This phenomenon was
inconsistent with earlier results (Fig. 4C), which could be attributed
from the interference of cholesterol-binding agent (filipin) with the
chitosan–membrane interaction by modifying the cell membrane
properties [32], and thus inhibited the paracellular transport of
DOX.

3.4. Paracellular transport

3.4.1. Capacity to bind Ca2+ of CS/CMCS-NGs
The cadherins at adherens junctions (AJs) are a group of Ca2+-

dependent adhesion molecules essential for the induction and
maintenance of TJ assembly [15]. Chelation of Ca2+ disrupts TJ
assembly and thus markedly enhances the paracellular permeabil-
ity and attenuates the development of TEER. Therefore, the Ca2+

binding capacity of CS, CMCS and CMCS/CS-NGs was tested at
different pH values simulating the GI tract environment (Fig. 5).
The presence of –COO� group imparted CMCS with excellent Ca2+

binding capacity compared to CS (p < 0.05). And, the 3D structure
of nanogel further strengthened this binding capacity which was
at least 4-fold higher than that of CS at either pH value. These
results demonstrated that CS/CMCS-NGs had a strong binding abil-
ity of Ca2+. Most importantly, the chelation of CS/CMCS-NGs could
be strengthened in the jejunum and ileum where pH value above
7.0.

3.4.2. TEER measurements
The variations in TEER of Caco-2 cell monolayers produced by

the components of DOX:CS/CMCS-NGs (DOX, CS and CMCS) were
respectively studied in different pH values stimulating GI tract.
Compared with the group treated with DOX, the cell monolayers
Fig. 9. Schematic diagrams displaying the transport me
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incubated with CS or CMCS displayed a transient and reversible de-
crease in TEER (p < 0.05, Fig. 6A). But, the extents in TEER reduction
produced by CMCS were 1.7-fold at pH 6.6, 2.9-fold at pH 7.0 and
3.3-fold at pH 7.4 higher than that produced by CS at correspond-
ing pH values, suggesting that CMCS was more effective as an
absorption enhancer than CS, especially at neutral pH values
(Fig. 6A). This phenomenon was corresponding to their respective
in vitro affinities for Ca2+.

To further illustrate the effect of Ca2+ on NGs-induced paracel-
lular transport enhancement, the Caco-2 cell monolayer was
incubated with CS/CMCS-NGs or CS/CMCS-NGs + CaCl2 (Fig. 6B).
CS/CMCS-NGs group displayed a remarkable decrease in TEER,
regardless of the pH environment exposed. But the introduction
of Ca2+ obviously inhibited the extents of TEER reduction at either
pH value. These results were attributed to the fact that the extra
added Ca2+ weakened the chelating ability of CMCS and thus
inhibited NGs-induced TJs opening.
3.4.3. Transport of DOX by Caco-2 cell monolayers
The transport of DOX or those released from DOX:CS/CMCS-NGs

across Caco-2 cell monolayers was visualized using CLSM. At 2 h
after the incubation with free DOX, no apparent fluorescence signal
was observed in the paracellular pathway (Fig. 6C). In contrast, red
fluorescent was clearly observed at intercellular spaces between
adjacent cells, suggesting paracellular permeation of DOX through
cell monolayers for DOS:CS/CMCS-NGs and DOX:CS/CMCS-
NGs + CaCl2 group. However, the fluorescent signal for cell mono-
layers incubated with DOX:CS/CMCS-NGs + CaCl2 was weaker
and appeared shallower than those of their counterparts that had
been incubated with DOS:CS/CMCS-NGs. These findings supported
the TEER measurements (Fig. 6B) and demonstrated that the higher
chanisms of DOX:CS/CMCS-NGs in small intestine.

ubicin loaded chitosan based nanogels across intestinal epithelium, Eur. J.
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capacity to binding Ca2+ of CS/CMCS-NGs was beneficial for para-
cellular transport of DOX.
3.5. Animal study

3.5.1. Mucoadhesion and permeation enhancement of CS/CMCS-NGs
The prolonged gastrointestinal transit offered by a mucoadhe-

sive carrier system can increase the contact of the released drug
with the underlying epithelium, and increased the drug absorption
consequently [33]. The mucoadhesive and permeation ability of
Cy3-CS/FITC-CMCS-NGs were examined in different segments of
the small intestine via CLSM (Fig. 7). A great amount of CMCS in
NGs (FITC-CMCS, green fluorescence) entered into the myenteron
of small intestine. However, the permeation of CS in NGs (Cy3-
CS, red fluorescence) into the myenteron of the jejunum (pH 7.0)
and ileum (pH 7.4) was clearly poorer than the duodenum (pH
6.6) (Fig. 7, white double arrows). The protonated CS in NGs has
excellent mucoadhesive ability, owing to its interaction with the
negatively charged sialic-acid groups in mucin [34]. However, in
intestinal segments other than duodenum, where environmental
pH is above CS’ pKa (pH 6.5); deprotonation of CS would compro-
mise the electrostatic interaction and the mucoadhesive ability.
These results indicated that in the jejunum and ileum, the CMCS
in NGs played a major role in mucoadhesion and permeation
enhancement.
3.5.2. Biodistribution study
The biodistribution of DOX:CS/CMCS-NGs was investigated in

rats (Sprague–Dawley, 220–250 g) and the fluorescent signal of
DOX was detected by the small animal in vivo imaging instru-
ment. To confirm the transport mechanism of DOX:CS/CMCS-
NGs, high doses of the CaCl2 were orally co-administrated with
DOX:CS/CMCS-NGs to weaken their capacity to binding Ca2+.
Real-time images of DOX:CS/CMCS-NGs with or without the
Ca2+ are presented in Fig. 8A. No apparent fluorescent signal
was observed in the DOX:CS/CMCS-NGs with Ca2+ group during
8 h detection, This may be due to the weakened of capacity to
binding Ca2+ of DOX:CS/CMCS-NGs being followed by a reduction
in absorption DOX. On the contrary, fluorescent intensity of DOX
in DOX:CS/CMCS-NGs without Ca2+ group was strong for the first
4 h and maintained for 8 h. Furthermore, the major organs were
dissected at 10 h after oral administration and observed by
ex vivo imaging (Fig. 8B). Fluorescent signal in DOX:CS/CMCS-
NGs with Ca2+ group detected only in ileum and stomach. But
for DOX:CS/CMCS-NGs without Ca2+ group, fluorescence signal
was apparently rich in liver and kidneys, besides ileum and stom-
ach. The results of quantitative experiment showed that all organs
in DOX:CS/CMCS-NGs group exhibited significant higher DOX le-
vel than DOX:CS/CMCS-NGs with Ca2+ group (Fig. 8D). The liver
exhibited the highest level (7.28 lg/g tissue), followed by kidneys
(4.03 lg/g tissue), heart (2.70 lg/g tissue), lung (1.99 lg/g tissue),
and spleen (1.46 lg/g tissue).
3.5.3. Oral bioavailability
Oral DOX:CS/CMCS-NGs could maintain 94.9–208.07 ng/mL of

DOX in plasma during 24 h (Fig. 8C). The highest DOX concentra-
tion in the plasma was nearly 2.3-fold higher than that of oral
DOX:CS/CMCS-NGs with CaCl2 solution. And the relative bioavail-
ability DOX:CS/CMCS-NGs was 248% compared to DOX:CS/CMCS-
NGs with Ca2+.

Above in vivo results confirmed that the enhanced DOX
absorption was determined by the capacity to binding Ca2+ of CS/
CMCS-NGs, which were consistent with the results of the in vitro
transport studies.
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3.6. Absorption enhancement mechanism of CS/CMCS-NGs

The aforementioned results indicated that the excellent DOX
absorption assisted by CS/CMCS-NGs occurs by both paracellular
and transcellular pathway (Fig. 9). The enhancing effect of CS and
CMCS in NGs promoted paracellular permeation of DOX. In the
duodenum (pH < 7), protonated CS in NGs enhanced paracelluar
transport of DOX by TJs opening. Meanwhile, the CMCS in NGs de-
prived Ca2+ from AJs by favor of carboxylic groups and further pro-
moted the TJs disruption. In the jejunum and ileum (pH P 7), CS in
NGs was deprotonated while the CMCS in NGs still could guarantee
continuous and enhancing drug absorption. On the other hand, the
clathrin-mediated and clathrin-independent endocytosis of DOX-
CS/CMCS-NGs further strengthened the drug absorption by trans-
cellular pathway.

4. Conclusions

CS/CMCS-NGs could markedly enhance paracellular transport of
DOX throughout the entire small intestine by chelating Ca2+.
Meanwhile, DOX:CS/CMCS-NGs could be uptaken by Caco-2 cells
mainly via active endocytosis particularly through clathrin-medi-
ated pathway, which enhanced transcellular transport of DOX in
small intestine. The high transport capacity of CS/CMCS-NGs by
paracellular and transcellular pathway guaranteed the excellent
absorption of encapsulated DOX throughout the entire small
intestine.
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